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Insights
Introduction
The decrease in fluid pressure during coalbed methane (CBM) production results in volume changes of both reservoir fluids and coal reservoirs (Liu and Harpalani, 2014) . The volumetric response to these pressure changes (Palmer and Mansoori, 1998; Pan et al., 2010) and/or stress variation (Li et al., 2013) influences CBM production behavior (Clarkson and Qanbari, 2015) .
Thus, during drilling, production or injection of fluids during enhanced CBM production, and/or CO 2 sequestration there is a dynamic coal response. Unfortunately, volumetric data changes are not typically available due to the complexity of coal reservoirs (Liu and Harpalani, 2014) , it can however be estimated by the matrix compressibility.
Mercury intrusion porosimetry (MIP) is widely used for determining the pore size distributionof porous materials and has applicability to conventional and unconventional reservoirs (e.g., tight sand, shales, and coals) (Labani et al., 2013; Lan et al., 2017; Liu et al., 2016; Song et al., 2018) .
However, during the experiment the coal matrix will be compressed and potentially damaged (Friesen and Mikula, 1988; Harpalani, 1999; Spitzer, 1981; Suuberg et al., 1995; Toda and Toyoda, 1972; van Krevelen, 1981) . This volume reductions impacts the reservoir permeability and hense the CBM production (Meng et al., 2011) . The apparent pore volume increase in MIP at >10 MPa is due to the coal compressibility (Toda and Toyoda, 1972; Cai et al., 2013; Guo et al., 2014) .
Multiple techniques have established that coal can have a range of pore sizes and a complex pore size distribution (Gan et al., 1972) composed of macropores (>50 nm), mesopores (2-50 nm) and micropores (<2 nm) by IUPAC (1982) . There is a rank (and maceral/lithotype) influence on this pore size distribution and hence there is an expectation that the compress extent is rank dependent.
Coal matrix deformation can be divided into elastic deformation related to mechanical ACCEPTED MANUSCRIPT
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decompression of the solid matrix, and non-elastic swelling induced by adsorption (Liu and Harpalani, 2014) . As mercury is non-absorbing the non-elastic swelling can be neglected. Both experimental and theoretical methods have been developed to understand the compressibility of coals (Liu et al., 2015) . As the applied mercury pressure increases, synchronous pore filling and compression may occur. Thus, determining the matrix compressibility of coals ranks capturing the effects of coal compressibility across the pressure range should be examined. Here, we suggest a theoretical approach to evaluate the compressibility of a coal rank range and establish the interrelationships between coal composition, moistures, ash yields, and pore structure to coal matrix compressibility. The distinguishing features of this work include 1) the evaluation of compressibility for different rank coals, 2) pore structure assessment using MIP and the N 2 adsorption isotherm at 77 K, and 3) factors affecting the coal matrix compressibility for different rank coals.
Methods

Coal sampling, and analyses
Here 39 coal blocks (30×30×30 cm 3 ), were selected from seven coal basins capturing: 7 low-rank (LRC, 0.49-0.65% R o,m ), 27 medium-rank (MRC, 0.66-1.90% R o,m ) and 5 high-rank coals (HRC, 2.00-2.95% R o,m ). Maximum vitrinite reflectance (R o,m ) (immersion in oil) and maceral composition were conducted with a microscope photometer (MPV-III, Leitz Company of Germany) following the GB/T 6948-1998 at China University of Geosciences at Beijing (CUGB).
The R o,m varies from 0.49 to 2.95%, as listed in Table 1 . Coal macerals were determined by the point counting technique following the scheme of the International Committee of Coal Petrology (ICCP, 1998) . The coal composition varied, with vitrinite being 11.0-92.0%, inertinite of 0.6-78.8%
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A C C E P T E D M A N U S C R I P T and a small amount of exinite of 0-18.2%, as well as some minerals (0-19.3%). Ash yields and inherent moisture contents were 2.45-28.28 wt% and 1.48-12.10 wt%. Proximate analysis was performed following the ASTM D7582-15 procedures (Pillalamarry et al., 2011) . Helium porosimetry was determined using the routine core analysis methods as previous research (Cai et al., 2011) . The helium porosity varies from 1.30% to 18.40%, as listed in Table 1 . Cylindrical cores with diameters of 25 mm and lengths of 50 mm were acquired along the bedding face from coal blocks. These cores were used in the MIP experiment with the remaining coal being crushed to 60-80 mesh for N 2 adsorption/desorption analysis.
Mercury intrusion porosimetry and nitrogen adsorption/desorption
The MIP data was obtained using an Autopore 9420 Instrument (Micrometrics, US) using the coal cores. In using this approach to obtain the pore body radius with the aid of the Kelvin equation (Kelvin, 1871) , it is necessary to assume: i) a model for the pore shape and ii) that the curvature of the meniscus is directly related to the pore width. The pore shape is generally assumed to be either cylindrical or slit-shaped (IUPAC, 1982) . Here, the coal pore shape is assumed to be cylindrical.
In the cylindrical case, the meniscus is hemispherical. The MIP analysis was conducted at the Coal Previous work (Busch et al., 2004; Han et al., 2013; Siemons et al., 2003 and Zhang, 2016) determined the sample size has no significant effect on the pore structure evaluation for the coal pore size <100nm. Coal pore structure will slightly differ between size fractions however. For instances, the pore volume ranges from ~0.01 to 0.3cm 3 /g at different pore size when the particle
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size is in the range of 10-3.35mm, 3.35-0.841mm, 0.841-0.25mm, 0.25-0.097mm and less than 0.097mm. However, there is no clear effect of coal particle size on the pore structure that from MIP experiment when the pore size less than 100nm (Zhang, 2016) . The MIP curves were obtained as shown in Fig. 1 . Before MIP analysis, all samples were dried at 75°C for 48 h. The low-temperature N 2 adsorption/desorption experiment was conducted using a Micromeritics ASAP-2000 with an equilibrium time of 6 min, respectively. The N 2 adsorption/desorption curves were acquired as presented in Fig. 2 . The pore volume acquired from N 2 adsorption for all samples at the intervals of 0-100 nm range from 4.9710 -4 to 3.2910 -2 cm 3 /g. The pore volumes for micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) are shown in Fig. 3 . For the pore volume acquired using N 2 adsorption, there is slight pore volume variation (~0.110
-3 -1.110 -3 cm 3 /g) when coal particle sizes range from 10-3.35mm, 3.35-0.841mm, 0.841-0.25mm, 0.25-0.097mm to less than 0.097mm (Zhang, 2016) . Here, the 60-80 mesh cut (~0.25-0.18mm) was used. This particle size has no obvious effect on pore structure evaluation by N 2 for the coals with pore size less than 100 nm (Zhang, 2016) . Therefore, the pores with size of 19-100 nm were selected to investigate the matrix compressibility of different rank coals by mercury intrusion porosimetry and N 2 adsorption. Experimental and data processing procedures are the same as presented in our previous work (Cai et al., 2013; Cai et al., 2017) .
Coal Matrix Compressibility
Mercury is nonwetting on sedimentary materials including sandstone, carbonates, shale, and coals.
Mercury overcomes capillary resistance to enter the pores when the mercury pressure is greater than or equal to the capillary pressure at the pore throat. Here, the typical assumption is the cylindrical pore shape. Assuming the pores are composed of a variety of cylindrical pores, the Wasburn equation (Washburn, 1921) can be used to obtain the pore radius, as shown in Equation
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According to Equation (2), the pore radius can be obtained from MIP data.
Coal matrix compressibility, if neglecting mercury compressibility, can be defined as (Li et al., 1999) : 
where is the density of coal samples (g/cm 3
) and represents the reciprocal of the total volume of the coal sample; V T (cm 3 /g) is BJH (Barrett et al., 1951) pore volume, which represents total pore volume of coal samples. The BJH theoretical model was based on the BET multilayer adsorption theory and capillary condensation of vapors in the porous material (Barrett et al., 1951) .
The N 2 adsorption isotherms were measured for relative pressures ranging from 0.01 to 0.99 to obtain pore BET surface area, BJH pore volumes and the pore size distributions.
Significant compression in coals can be detected with increasing mercury intrusion. can be assumed to be a constant, N.
Therefore, we can approximate using (Cai et al., 2013; Guo et al., 2014; Li et al., 1999): 
Previous research (Mahajan, 1991) has shown that N 2 sorption may severely underestimate pore numbers (especially small pores) in high-rank. Therefore, here the pore volumes (PV) with pore sizes of 19-100 nm are estimated from N 2 adsorption/desorption data to avoid this. Constant 
Results
Coal characteristics
The 39 coal samples were divided into three coal ranks: low-rank coals (R o, m <0.65%), medium-rank coals (0.65%<R o, m <1.9%) and high-rank coals (R o, m >1.9%). These coals vary markedly in their maceral and minerals contents, which represent a wide range in composition, as shown in Table 1 . The volume contents for vitrinite, inertinite and exinite are in the range of 11-92.04%, 0.6-78.08% and 0-18.2%, respectively. Exinite disappears when the maximum vitrinite reflectance is over 1.19%. The mineral volume content varies from 0 to 19.3%. These variable macerals and mineral contents will impact gas adsorption and the pore filling minerals,
(from paleo-fluid flow and mineralization) occlude some pores (Crosdale et al., 1998) . Ash yields of these coals vary from 2.45-28.28% and moisture contents vary from 0.2-12.1%. Moistures in matrix pores have a great impact on not only gas diffusion and flow but also on coal matrix compressibility (Pan et al., 2010) . The petrophysical analysis shows that the porosities of these coals change greatly (1.3-20.8%) as listed in Table 1 . These results are comparable to the coals of the same ranks based on previous research (Cai et al., 2016) .
Pore structures from MIP and N 2 adsorption/desorption at 77 K
Based on the MIP curves, different types of pore structures are revealed as shown in Fig. 1 .
Previous research has revealed that coals with high inertinite and high ash yields have greater mesoporosity and less microporosity than coals of the same rank with high vitrinite and low ash yields (Crosdale et al., 1998; Cai et al., 2013) . For LRC samples, the maximum intruded mercury volume ranges from 0.005~0.13 cm 3 /g, and the ascending curve normally goes steadily upward, as shown in Fig. 1 . The steadily ris ing curve may be due to the three peaks of pores in low-rank coals
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as revealed by our previous research (Cai et al., 2016) . For medium-rank coals and high-rank coals, the maximum intruded mercury volume are generally lower than 0.09 cm 3 /g, and the ascending curve normally goes up sharply. This phenomenon is likely related to the large amount of micropores in the medium and high-rank coals. and HRC4) and ink-bottle pores (for MRC8), which correspond to type H3 loop and approximate type H2 loop, respectively (Sing et al., 1985) . The type H3 loop is deemed as an aggregate of plate-like particles that give rise to slit-shaped pores. The H2 loop may be attributed to the difference in N 2 condensation and evaporation processes that occur in pores with narrow necks and wide bodies (often referred to as ink-bottle pores) and the role of network effects. The LRC1
and LRC4 belong to the Type H4 loop that is often associated with narrow slit-like pores.
Calculated coal matrix compressibility
Based on the MIP and N 2 adsorption/desorption data, the coal matrix compressibility of all 39 coal
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samples with pore sizes of approximately 19-100 nm were calculated as shown in 
Discussion
Effects of coal rank on coal matrix compressibility
Coal matrix compressibility shows a negative exponential relationship as coal rank increases, as shown in Fig. 4 (Cai et al., 2013; Guo et al., 2014; Li et al., 1999; Song et al., 2018; Spitzer, 1981; Toda and Toyoda, 1972) due to the wide and consecutive coal rank with R o,ma x of 0.49-2.95%. Table 3 shows the difference in pore volume (19-100 nm) between the MIP and N 2 adsorption methods. The results show that a big difference exists and a decreasing trend between the differences of pore volume and coal rank. The effect of coal rank on coal matrix compressibility is probably due to significant chemical and phys ical changes that occur in the coals. For low-rank coals, the basic unit of the macromolecular structure of coal is randomly distributed and forms an open structure under the joint and support of numerous oxygen-containing functional groups and aliphatic side chains (Yu et al., 2013; Vega et al., 2017) . With mechanical compaction, dehydration and degassing during coalification, the volume of the coal matrix changes greatly. Therefore, the coal matrix compressibility decreases rapidly in low coal rank coals. After the subbituminous stage of coalification, the lengths of the organic side chains of the coal become shorter and their
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number decreases (He et al., 2017) . Meanwhile, the condensed nucleus of humus complex increases, and then follows the increase in molecular weight, the slow increase in condensed aromatic rings and the gradual regularization of the molecular arrangement (Mayumi et al., 2016) .
Therefore, the coal matrix compressibility of the medium and high-rank coals emerges as a slow decreasing trend with increasing rank.
Effects of macerals and minerals on coal matrix compressibility
Macerals of the investigated coals are mainly composed of vitrinite, inertinite and exinite. A portion of the investigated coals lack exinites due to thorough metamorphism when the vitrinite reflectance reaches 1.19% R o,m as listed in Table 1 . Coal matrix compressibility correlates well with the vitrinite and inertinite, especially for low-rank coals. However, the exinite content has a fine relationship with the coal matrix compressibility of medium-rank coals, as shown in Fig. 5 .
For low and high-rank coals, the vitrinite and inertinite have significant effects on the coal matrix compressibility, which should be related to the brittle features and multiple micropores in vitrinite Keshavarz et al., 2017) , and stiffness features, mesopores, macropores and pyrites and clay minerals filled with the inertinite as shown in Fig. 6 , especially for high-rank
coals. An abundance of micropores in vitrinite causes the matrix to be difficult to compress. For the medium-rank coals, the coal matrix compressibility seems independent of the maceral composition except slight relation with exinite, which is possibly due to the limited samples of medium coal rank coals.
Interestingly, for high-rank coals, the vitrinite and inertinite have a complex relationship with the coal matrix compressibility, as shown in Fig. 5 . There is an opposite relationship between inertinite and coal matrix compressibility for low and high-rank coals. The inertinite normally
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contains a large amount of meso-and macropores, as revealed by previous research (Giffin et al., 2013) . The reason for this opposite phenomenon is the meso-and macropores and minerals in the inertinite. For low-rank coals, the meso-and macropores have greater impacts on matrix compressibility than the minerals have on matrix compressibility. Therefore, the compressibility increases with increasing inertinite content. In contrast, the inertinite situation for high-rank coals is the opposite, which is due to the minerals that are filled with meso-and macropores during deep coal metamorphism (Li et al., 2017) . The mineral content in volume ranges from 0-19.3%, as listed in Table 1 . Although there is generally a negative exponential relationship between mineral content and coal matrix compressibility, as shown in Fig. 4(b) , the data points vary. Although most minerals that occur in coal matrix pores could strengthen the matrix compressibility (Tao et al., 2018) , the existence of minerals, including those filling pores or not, also have an impact on coal matrix compressibility. For a few types of minerals, such as clay minerals, these minerals may not reinforce the matrix compressibility because of the pores that exist in these minerals. Fig. 7 shows that coal matrix compressibility increases linearly with increasing moisture content for all samples (correlation coefficient is 0.49). For low-rank coals, the coal matrix compressibility increases exponentially with increasing moisture content with correlation coefficient of 0.81. This result indicates that the moisture softening of coal could be significant. The wetting action of water molecules weakens the link between coal particles, which will weaken the mechanical properties of coals (Yu et al., 2013; Wu et al., 2017) . Meanwhile, the water in the pores and fractures will produce pressure (Su et al., 2017) , which will also reduce the elastic modulus of coals and improve the deformation ability, leading to easy compression deformation of the coal
Effects of moisture and ash yields on coal matrix compressibility
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A C C E P T E D M A N U S C R I P T matrix. Therefore, the moistures in low-rank coals can significantly increase the coal matrix compressibility response. Another reason that the moisture in low-rank coals raises the coal matrix compressibility is the more open structure of the low-rank coals that have not experience high pressure compaction during of coalification. The loss of moisture can lead to consolidation of the coal structure and shrinkage (Suuberg et al., 1993) , which will reduce the coal matrix compressibility. Pan et al. (2010) illustrated that moisture in the coal matrix would cause coal shrinkage and changes in mechanical properties, thereby impacting coal permeability in reservoir conditions.
Therefore, relatively high moistures can result in high coal matrix compressibility for low-rank coals. For medium-rank coals, the moisture content has a subtle linear relationship with coal matrix compressibility due to further compaction of the coal matrix after the early stage of coalification. For high-rank coals, as shown in Fig. 7(d) , there is a subtle relationship between moisture and coal matrix compressibility. The coal matrix compressibility values have a decreasing trend with increasing moisture content from 0.62 to 1.03%. After that, the coal matrix compressibility follows an increasing trend with increasing moisture content. This phenomenon may originate from the limited available data for high-rank coals. Fig. 8(a) shows that porosity generally decreases with increasing ash yields for different rank coals even though the correlation coefficient varies, indicating that minerals fill the pores through mineralization and decrease the porosity of the coal. Fig. 8(b) shows that the relationship between coal matrix compressibility and ash yields demonstrating the matrix is not easily compressed for coals with high mineral matter content. Fig. 9 (a) shows a generally positive relationship between coal matrix compressibility and porosity.
Effects of pore structure on coal matrix compressibility
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As coal rank increases, the effect of porosity on coal matrix compressibility decreases (low coal rank R 2 =0.92; medium coal rank R 2 =0.46; high coal rank R 2 =0.30). For low coal rank coals, the matrix compressibility quickly increases as porosity increases, which means that the porosity is a critical parameter that affects matrix compressibility for low-rank coals. As shown in Fig. 9(b) .
The porosity of medium-rank coals and the associated matrix compressibility shows a similar U-shaped curve, which decreases slightly as porosity increases from 0.00-4.13%, and then increases as porosity exceeds 4.13%. The relationship between the porosity of high-rank coals and matrix compressibility is analogous to that of medium-rank coals, as shown in Fig. 9 (c) and 9(d).
As shown in Fig. 10 , there is an inverted, slight U-shaped relationship between total pore volume and coal matrix compressibility. As coal rank increases, the influence of total pore volume on coal matrix compressibility is also larger (low coal rank R 2 < 0.1; medium coal rank R 2 = 0.48; high coal rank R 2 = 0.87). An interesting phenomenon is observed here. For low-rank coal, the total pore volume has no significant effect on coal matrix compressibility, whereas the porosity has a significant influence. For medium-rank coals, the total pore volume and porosity both affect coal matrix compressibility. For high-rank coals, the influence of total pore volume on coal matrix compressibility is greater than that of porosity. This phenomenon indicates that porosity and total pore volume are coordinated factors that affect matrix compressibility. For low-rank coals, the pores are composed of a large amount of mesopores and macropores, as shown in Fig. 3 .
Therefore, the greater the porosity indicates the lower the matrix compressibility. However, the condition for high-rank coals is the opposite of low-rank coals. There are abundant micropores that have diameters less than 100 nm, accounting for over 75% of the porosity as revealed by
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previous research (Cai et al., 2011) . These micropores will resist the matrix compressibility. The influences of coal rank on the coal matrix compressibility should also be attributed to the micropore pore volumes as previous research confirmed ( Guo et al., 2014; Song et al., 2018) .
Smaller mesopores and micropores gradually play dominant roles (Nie et al., 2015; Pan et al., 2016) . Therefore, the total pore volume is more important for matrix compressibility than porosity.
By observing the effects of different pore sizes on matrix compressibility (Fig. 11) , we found that mesopores are dominant within the different pores group, normally over 60% for medium and high-rank coals and over 85% for the low-rank coals for pores less 100 nm. The micropores and macropores account for less than 30% for different rank coals. The microporosity, mesoporosity and macroporosity have diverse impacts on coal matrix compressibility. For low and medium-rank coals, macropores have significant positive impacts on matrix compressibility compared to mesopores and micropores, as shown in Fig. 11 (a) and (b). However, for high-rank coals, the mesopores have significant positive impacts on matrix compressibility compared to macropores and micropores, as shown in Fig. 11(c) . These results indicate that the mesopores and macropores are critical for matrix compressibility, whereas micropores can effectively resist coal matrix compressibility.
Conclusions
Mercury intrusion porosimetry can be used as an effective means to evaluate pore structure, provided the matrix compressibility of coals associated with this method can be evaluated through N 2 adsorption/desorption at 77 K. Factors that affect coal matrix compressibility were discussed herein. We determined that the coal matrix compressibility varies from 0.2410 -4 MPa -1 to 13.5610 -4 MPa -1 as coal rank changes. The following conclusions are made:
A C C E P T E D M A N U S C R I P T 1) Coal matrix compressibility follows an exponential decreasing trend with increasing coal rank.
The coal matrix compressibility decreases rapidly in low-rank coals due to mechanical compaction, dehydration and degassing during coalification. The coal matrix compressibility of medium and high-rank coals shows a slow decreasing trend with increasing rank.
2) There is an opposite relationship between inertinite and coal matrix compressibility for low and high-rank coals due to the meso-and macropores and minerals in the inertinites. For low-rank coals, the meso-and macropores have greater impacts on matrix compressibility than the minerals have on matrix compressibility. In contrast, the inertinite situation for the high-rank coal is the opposite, which is because the minerals are filled in meso-and macropores.
3) For low-rank coals, the moisture in coals may have a significant effect on the coal matrix compressibility because the wetting action of water molecules weakens the link between coal particles, reduces the elastic modulus of coals and improves the deformation capacity.
4) The mineral appearance, including whether minerals fill pores or not, also has an impact on coal matrix compressibility. There is a generally a negative exponential relationship between mineral content and coal matrix compressibility. For a few types of minerals, such as clay minerals, the minerals may not reinforce the matrix compressibility due to the pores that exist in the minerals.
5) Micro-, meso-and macroporosity have diverse impacts on coal matrix compressibility. The mesoporosity and macroporosity in coals are critical for effective changes in coal matrix compressibility, whereas the micropores are less effected. IUPAC., 1982. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity. Pure Appl. Chem. 54, 2201-2218.
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Research Highlights
 Coal matrix compressibility shows an exponential decrease with increasing coal rank.  An antithetical relation between inertinite and coal matrix compressibility.
 The wetting action of water molecules weakens the link between coal particles.  Mineral appearance has significant impact on coal matrix compressibility.
